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The Efficiency of a Seine Net
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Abstract.—We present a method to predict the capture efficiency of a 25-m, 5-mm mesh seine
net as a function of fish size and taxon from a diverse fish community. This allows true abundance
and size distribution to be estimated from observed catches. Predicted capture efficiency from an
empirical model of field calibrations from the Amazon River floodplain was a positively skewed,
unimodal function of fish Iength, whose magnitude depended on method of seine operation and
fish taxonomic group. Capture efficiency is the product of efficiency of encirclement as the net is
laid (which decreases with increasing fish size) and efficiency of retention as the net is hauled
(which increases with increasing fish size). Retention was determined by modeling mark—recapture
data. Dividing observed capture efficiency by this retention yielded empirical encirclement effi-
ciency, which was then compared with encirclement efficiency determined from asimulation model
of fishes' evasive behavior. The simulation accounts for the fishes' swimming speed relative to
the speed of deployment of the seine, threshold distance (how close the disturbance from laying
the net must be to initiate evasion), appraisal time (how long a fish continues evasive behavior
when it moves outside the threshold distance), and the directionality of evasive movements. Sim-
ulated results of encirclement efficiency corresponded to empirically based predictions within
plausible ranges of the simulation variables above, although for fish of length exceeding about 50
cm there is a high coefficient of variation in captured biomass due to small numbers and low
catchability. We conclude that the method can be used for a wide range of conditions to convert
seine capture data to unbiased estimates of abundance and size distribution, but that empirical

determinations will still be needed for different net specifications and sampling conditions.

Estimating fish population numbers and size
structure accurately is an elusive goal. A seine net
of appropriate design is a simple, yet effective,
tool for sampling in waters where its passage is
not impeded by unremovable snags. Although
seine nets have been used by fishers since antiquity
and for more than 100 yearsfor scientific and man-
agement purposes, most researchers still do not
know what relationship exists between their catch
and the actual abundance or size distribution of
fish in a defined area.

Studies to estimate seine efficiency or to deter-
mine factors influencing efficiency have covered
a variety of sampling methods, habitats, and as-
sumptions (Fredin 1950; Threinen 1956; Weinstein
and Davis 1980; Penczak and O’ Hara 1983; Wiley
and Tsai 1983; Lyons 1986; Parsley et al. 1989;
Pierce et al. 1990; Allen et al. 1992; Bayley and
Dowling 1993; Holland-Bartels and Dewey 1997),
all of which include estimates of substantial biases
and warnings about the consequences of ignoring
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them. Although most reports acknowledge es-
capement of fish following closure, net avoidance
prior to closure hasreceived less attention (Kjelson
and Colby 1976). Calibration for unbiased effi-
ciency estimates requires that the same opportu-
nities for escapement that occur during standard
operation are provided in the experiment and that
the vulnerable population can be estimated with
sufficient accuracy and on an appropriate spatial
scale. In addition, accounting simultaneously for
taxa, fish size, and uncontrollable environmental
effects is necessary to provide unbiased estimates
from catch data.

These issues present a difficult challenge, es-
pecially in many temperate systems where sea-
sonally dependent fish sizes and correlated envi-
ronmental factors affecting catchability occur.
Here we took advantage of an environment with
awide range of fish densities, contrasting fish taxa
of overlapping size ranges, and relatively few
physical variables in order to predict capture ef-
ficiency empirically and understand some of the
processes through simulation. Thelocal goalswere
to quantify associations of fish with habitats and
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make inferences at larger scal es of abundance, bio-
mass, and production. This required a knowledge
of capture efficiency so that valid local abundance
estimates could be made.

Our method treats seine capture efficiency as a
product of encirclement when the seineislaid and
retention when it is hauled. The seine is used in
conjunction with an outer block net for calibration
experiments. Mark—recapture allows measurement
of retention of the block net and therefore produces
estimates of seine net efficiency. Dividing capture
efficiency by estimated retention yields encircle-
ment estimates, which are then compared with en-
circlement calculated from a simulation model of
fishes' evasive behavior. Data are from 22 cali-
bration experiments in the Amazon River flood-
plain that covered awide range of speciesand sizes
of individuals.

We first describe the sampling protocol for stan-
dard sampling and calibration experiments. This
isfollowed by the analytical approach to empirical
prediction of catchability. The biological back-
ground to the simulated process of net evasion is
followed by a description of the simulation model.
Results of empirical models are followed by a
comparison of predicted and simulated net eva-
sion. Finally, the discussion focuses on biological
and sampling implications.

Methods
Sampling Protocol

Standard 25-m seine.—The seine net described
is frequently used to sample fish in the central
Amazon floodplain near Manaus, Brazil, through-
out the hydrological cycle. Its effective use is rec-
ommended for water depths less than about 3.5 m
and for areas where rooted vegetation or woody
debris can be removed manually.

The standard seine was 25 m long when hung,
the original 40 m of netting being tucked at in-
tervals to form a series of bags. Net depth was 6
m in the middle portion, tapering to 60 cm at the
ends. The netting was of braided, knotless, dark
blue nylon with a stretched mesh size of 5 mm,
excluding the 0.5-mm twine diameter. The lead
line contained 120-g lead cylinders at 35-cm in-
tervals. Floats, 15 cm in diameter, were spaced at
30-cm intervals.

This net was chosen because it conformed to an
appropriate quadrat size for sampling fish in com-
mon floodplain habitats, because it was cost effi-
cient for obtaining sufficient samples, and because
professional fishers had demonstrated its effec-
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tiveness during previous research surveysin flood-
plain habitats for a broad range of species and fish
sizes. The floodplain environment sampled is cov-
ered by turbid or ‘black’ waters containing a
patchy distribution of rooted-emergent or floating
vegetation and abundant organic debris combined
with generally smooth muddy or silty substrates
(Junk 1973; Fittkau et al. 1975). Subsequently,
longer nets of this mesh size were impractical be-
cause of excessive drag caused by abundant fine
debris and the frequency with which samples
would need to be abandoned due to snags.

All methods using this seine required a heavy,
wooden 7.5-m canoe, with fishers paddling fore
and aft and a third paying out the seine. When
approaching and encircling the site, maximum si-
lence was maintained, with noise being restricted
to movements of the paddles, boat, and net con-
tacting the water. Because fishing was confined to
depths of less than about half the net depth, the
full water column could be swept while maintain-
ing a belly in the net. Three distinct operational
methods used in daytime are described here.

Method A: A circle was described by the canoe
so that 0—4 m separated the ends of the net. This
encirclement took close to 40 s. Any gap was im-
mediately closed and the lead line inspected to
ensure contact with the bottom. Samples were
abandoned if the lead line was found to be sus-
pended by a snag.

Trials demonstrated that catches were unac-
ceptably low and selective when rooted vegetation
was not cleared before hauling. Therefore, follow-
ing closure and lead line inspection, the enclosed
area was cleared of any rooted vegetation, as well
as any large detrital material and tree trunks. Four
people hauled slowly; the two pulling the lead line
with hands on the substrate squatted together to
provide a human barrier (Figure 1A). The gathered
lead and float lines were then lifted into the canoe,
leaving the belly of the net with fish in the water.
This method was restricted to where the minimum
depth was less than 80 cm so that those pulling
the lead line could breathe.

A variant of this method was used where hard,
woody vegetation could hold up the lead line. An
annular path for the net was cleared manually, and
the arealeft for at least 1 h. The net was then laid,
cleared of enclosed vegetation, and fished as de-
scribed.

Method B: This was a beach-seining operation
with a semicircular set taking close to 40 s. The
lead line was checked and the enclosed area
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A

Ficure 1.—Calibration examples: (A) hauling 25-m seine using method A in open water, (B) 25-m seine and
block net setting in vegetation (mainly Paspalum repens) before hauling by means of method A.

cleared as in method A. Four persons hauled the between the ends. During rapid hauling into the ca-
net slowly. noe, personnel stamped on the floor boards, as is

Method C: The net was fished as alampara seine  standard practicein commercial operations, to fright-
(Hayes 1983). It was laid in acircle leaving 812 m  en fish into the belly of the net. Samples were aban-
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doned if a snag was encountered. This method was
used where minimum depth exceeded 80 cm, in open
waters with and without floating plants, or where
rooted plants or woody debris were not sufficiently
dense to impede hauling.

Calibration.—The block net was designed to iso-
late a portion of the fish community, permit one of
the standard operational methods (A, B, or C) of
the 25-m seine within, and allow for fish to evade
the seine while being encircled. The block net had
the same mesh and median depth as the seine, but
with deep ends to facilitate blocking. It was 50 m
long when hung and consisted of 85 m of netting.
Distance between lead weights was 50 cm and be-
tween floats, 25 cm.

The block net was laid from the canoe, marked
fish werereleased inside, the 25-m seine wasfished
inside once, and finally the 50-m block net was
hauled. Because efficiency was determined from
the enclosed population, evasion while laying the
block net was unimportant, providing that suffi-
cient numbers spanning the fish community were
enclosed. The seine was fished concentrically
within the block net in methods A and C where
the bottom was fairly level (Figure 1). Where the
bottom sloped considerably (all method B samples
and nos. 18 and 19 of method C; Appendix 1),
association with depth of some species and indi-
vidual sizes was anticipated, and a concentric de-
sign would result in a significant area of deeper
water being included in the block net that was not
swept by the seine. Therefore, a block net config-
uration was calculated such that each depth was
sampled at a constant proportion by the seine. The
block net configuration follows the equation of an
ellipse (or half ellipse in the case of method B)
and was marked with rods prior to fishing to guide
the fishers. The nets only touch at the vertex of
the minor axis at the deepest point (and at the
shallowest point in the aforementioned method C
calibrations), so the freedom of fish to escape en-
circlement is negligibly compromised (the deri-
vation is available from P. Bayley).

Fish for mark and release (Appendix 2) were
seined from surrounding, similar habitats. Marked
fish were distributed among buckets that, with the
aid of poles, were subsequently used to distribute
the fish evenly inside the block net so that the area
was not disturbed by boats or wading. Marked fish
introduction began 5 min after the block net was
laid, was completed in 5-10 min, and was im-
mediately followed by the 25-m seining operation.
The block net, which was laid in a similar manner
to method A or B, was subsequently beached after
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removing any macrophytes or debris. Macrophytes
grew back in 2—4 weeks, and calibrations and sur-
veys covered anegligible proportion of all habitats
in the region. Rotenone, as derris powder steeped
in 96% ethanol, was applied at 2 ppm in some
calibrations following the 25-m seine haul (Ap-
pendix 1).

Habitats and taxa sampled.—Calibration sites
were chosen to be representative of seasonal con-
ditions that typified seinable floodplain habitats
that were frequently included in surveys. They
were performed during falling water levelsin Sep-
tember and October, during rising levelsin January
on Marchantaria Island, and during rising levels
in April and May at Sao José, Janauari (Appendix
1). Water level movements are so gradual that
floodplain conditions are effectively lacustrine
(Figure 1), except during a short period of river
invasion at maximum water stage through exposed
areas that were not sampled at that time. Appendix
1 summarizes the quantities and size ranges (1.0—
79.5 cm) of marked and unmarked fish from the
22 calibration experiments. A size range of 0.9—
99.5 cm was caught in a 3-year survey comprising
600 seine samples.

Marchantaria Island is in the River Solimdes-
Amazonas and is completely influenced by its tur-
bid waters. The fauna are dominated by Chara-
coidei and Siluriformes. Sao José is near the ex-
tremity of turbid water influence, where the Am-
azon water is mixed with black waters from the
Rio Negro but still has low clarity. This area con-
tains more Cichlidae, although both areas show
considerable overlap down to the species level.

Twenty-nine groups were constructed for ex-
ploratory analysis (Table 1). One group included
the decapod, Macrobrachium amazonicum; there-
fore, the term ‘fish’ may include this species.
These preliminary groups were selected according
to their morphology, known ecology, and pertinent
behavioral characteristics that could affect catch-
ability. Much of the behavioral information was
learned from fishers with 2—-3 decades experience
using seines and contrasting capture methods.

Analytical Framework

This section describes the estimation and vali-
dation of catchability. For a given species group
and fish size, catchability g is given generically by

C
Os = ;1 (l)

where ¢ = number caught in the 25-m seine and



EFFICIENCY OF A SEINE NET

905

TABLE 1.—Species-groups considered with numbers encountered and length ranges (cm) of individuals.

Initial Groups Number of
species  used in individuals Length range
Taxa groups  models? caught (cm)

Tetragonopterinae 1 | 16,845 1383

Brycon spp. 1 | 1,030 1.7-7.8

Curimatidae 2 | 2,805 1.7-17.0
Prochilodontidae 3 | 7,161 1.4-31.0
Serrasalmidae 4 | 1,303 1.4-325
Roeboides spp. 5 | 923 2.1-155
Triportheus spp. 6 | 715 1.9-215
Hemiodontidae 7 | 126 2.2-230
Anostomidae 8 | 96 2.8-30.0
Engraulidae 9 | 92 1.8-14.0
Cyprinodontidae 10 | 73 1.8-44

Microphylipnus sp. (Eleotridae) 10 | 5 1.9-2.3

Colomesus sp. 11 | 51 1693

Cynodontidae 12 | 14 9.8-27.0
Osteoglossum sp. 12 | 4 10.0-35.0
Clupeidae 12 | 1 19.0-19.0
Chalceus sp. 12 | 1 3.2-3.2

Thorocharax sp. 12 | 1 4.9-49

Potamoraphis sp. 13 | 7 7.8-22.5
Boulengerella sp. 13 1 2 21.0-24.0
Geophagus and Satanoperca sp. 14 1 1,512 1.3-215
Acarichthys heckeli 15 1l 1,105 1.8-16.5
Mesonauta insignis 16 1 467 1.3-115
Cichla spp. 17 1 98 3.3-385
Sciaenidae 18 1 49 1.2-12.5
Cichlidae not in groups 14-17 19 1 1,698 1.4-27.0
Macrobrachium (Decapoda) 20 1l 5,105 1.6-8.7

Pimelodus blochi 21 11 741 5.2-21.0
Pimelodella and Pimelodina spp. 22 11 201 3.7-19.8
Pseudoplatystoma spp. 23 11 25 16.5-45.5
Hemisorubim platyrhynchus 23 11 6 12.0-38.5
Callichthyidae 24 11 540 1.4-20.5
Doradidae 25 11 118 35-445
Auchenipteridae 25 11 5 4.4-20.0
Loricariidae 26 11 152 2.2-38.0
Trichomycteridae 26 11 5 3.9-4.7

Hoplias malabaricus 27 11 76 1.0-39.0
Crenicichla spp. 28 11 38 3.3-30.5
Synbranchus marmoratus 28 11 25 7.4-79.5
Gymnotiformes 28 11 42 2.4-30.5
Potamotrygon sp. 29 11 5 15.0-55.0

aGeneric descriptions are as follows: I, midwater—surface inhabitants with tendency to school in
single- or multispecies groups; 1, territorial or with tendency to seek physical cover; lessfrequent
schooling behavior; 111, demersal or eel-like fish associated with physical cover; less frequent

schooling behavior.

v = number vulnerable in the area swept by the
25-m seine.

The number of fish originally vulnerable inside
the block net, v, is estimated by adding the 25-m
seine catch to the numbers caught by the block
net, c,, the latter corrected by the block net reten-
tion estimate, §:

@)

_Q>|O
g Io

A previously developed model (Bayley 1993)
was used to estimate block net retention, g, from
mark—recapture data defined by

8y = (no. marked fish recaptured in block net)
=+ (no. marked fish remaining in block net
after 25-m net haul). 3)

The number of vulnerable fish in the area swept
by the 25-m seine, v, is estimated by
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Quantity to be o
Inputs determined Description
Unmarked fish captures: c ‘//\ dicti ’
. i . A It = prediction o
g lig %?ogz(snee'?e’ W=C+ R b vulnerable fish abun-
b : o/ dance in block net
Block Net A
Retention {(eg. (3)), G,
A t by the seine, A v v = prediction of
rea swe e seine, v = prediction o
prhy S v = ’is_ O vulnerable fish in the area
Area covered by block net, Ab Ab b swept by the seine
|
‘»{7 q = catchability based on estimated
A c fish in an area that is a constant mul-
g = tiple (4) of the area swept by the
40 seine (response in interval [0,1] used
| in statistical analysis, Appendix 3)
T 17 o e
g s = predicted catchability of seine
A 4/\ _ i based on area swept by the seine
s = 49 =73 (variable reported in empirical
v results)
Retention effici f sei A A . . .
(s?aee ?elﬁnu?]dlglresni(r?\/u?atsigéne (/J\ _ 9 qe = predicted encirclement efficiency
Approach), A e (/7\ of seine
ar r
&) .. 7
Simulation model of seine comparison of amulated, qufm
encirclement, qesim €= and empirical, o
encirclement efficiency estimates

Ficure 2.—Steps and intermediate variables used in estimating and simulating catchability. Terms are defined

in Table 2 and the text.

4

where A and A, are areas swept by the 25-m seine
and block nets, respectively (see ratios in Appen-
dix 1). Then catchability can be estimated as

®)

Estimates of gs were obtained based on a stan-
dardized area and quasi-likelihood model, as de-
scribed in Appendix 3, with numerical examples
given in Appendix 4. The complete set of equa-
tions, including those used in simulations, is il-

lustrated in Figure 2, and all symbols are described
in Table 2.

Exploratory analyses of deviance (McCullagh
and Nelder 1989) were performed to split data or
coalesce categories and identify factorsin the lin-
ear part of the model that would be most reliable
in predicting catchability in addition to block net
retention. This revealed that the categorical vari-
ables, method (A, B, C) (Appendix 1), taxa (3
major groups, Table 1), and individual length
(first- or second-order polynomials) were strong
predictors. These were retained in the order stated,
whereas additional variables, including mean and
maximum water depth, an index of vegetation den-
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Terms Description Derivation
Generic
Catchability (gs) (Number caught)/(number initially vulnerable in area
(= gear) swept by 25-m seine)
Encirclement (Number encircled by 25-m seine set)/(number initial-
(9e) ly vulnerable in area swept by 25-m seine)
Retention (Number captured)/(remaining number in closed block
(qp, dr) net or seine before it is hauled)
Specific
c Number caught in 25-m seine Measured
Cp Number caught in block net after hauling seine Measured
Ob Block net retention efficiency = number recaptured in Estimated from mark—
block net/number remaining in block net after 25-m recapture data
seine is hauled (3)
Vb Number vulnerable inside area swept by block net, ¥, Estimated
= ¢+ (cp/p) (2
Ap (M2) Area swept by block net Measured
As (M2) Area swept by 25-m seine Measured
v Number vulnerable inside area swept by 25-m seine Estimated
(adjusted for varying ratio of areas of 25-m seine
and block net), ¥ = (Ag/Ap) X ¥y (4)
Os 25-m seine efficiency = number caught in 25-m Estimated
seine/estimated number vulnerable in area swept by
25-m seine, §s = c/V (5)
q 25-m seine efficiency = number caught in 25-m Estimated
seine/estimated number vulnerable in area four
times that swept by 25-m seine (see Appendix 3)
ar Retention efficiency of 25-m seine Estimated
Je Encirclement efficiency of seine, §e = §4/Gr Estimated
Oesm Simulated 25-m seine encirclement efficiency Simulated

sity, turbidity (Secchi depth), density of vulnerable
fish, and all first-order interactions, were tested in
areverse stepwise fashion. Correlated variables (P
< 0.05) were tested alternately rather than jointly.
Variables were retained at P < 0.01 based on
change of deviance tests against x2. Models were
also assessed, and continuous variables trans-
formed, on the basis of visual assessment of stan-
dardized residual plots.

Empirical model validation.—Validation of em-
pirical predictions was essential (1) because sta-
tistical analyses revealed departures from a bino-
mial error distribution, (2) because a transformed
response variable was used (Appendix 3), and (3)
because of possible biases in the field procedure.
Apart from inspection of model residualsasafunc-
tion of predicted and explanatory variable values,
the following two methods were used.

First, a cross-validation approach (Efron and
Gong 1983) compared model predictions based on
a random selection of 50% of the data, with the
remaining, independent data point estimates ex-
cluded from the model. The unadjusted deviance
residual (Pierce and Schafer 1986; McCullagh and
Nelder 1989) was calculated for each independent
data point, and each was compared with the em-
pirical distribution of deviance residuals from the

model based on the other 50% of the data. Pierce
and Schafer (1986) argued that deviance residuals
should be much closer to anormal distribution than
the standardized Pearson residuals. A departure
from normality could not be detected from our
deviance residuals. Therefore, the proportion of
data points occurring within the 95% range based
on 1.96 standard deviations predicted by the model
are reported.

Second, the capture of marked fish by the 25-m
seine provided direct estimates based on the small-
er numbers and size ranges marked (Appendix 1).
These fish had been distributed evenly inside the
block net and were enclosed by the block net for
a shorter period than the unmarked fish. On av-
erage, marked fish were in the block net 2.5-5 min
before seining, which was one-third to one-half
the time the unmarked fish were; therefore, less
time was available for a possible change in spatial
distribution due to the presence of the block net.

Simulation Approach

Catchability, the probability that a fish will be
caught in the area swept by the 25-m seine, is the
product of the probability of being encircled by
the 25-m seine (encirclement efficiency, . = the
complement of avoidance) and the probability of
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being subsequently recovered from the net follow-
ing hauling (retention efficiency, q,):

0s = QeGr- (6)

Oe Was simulated as Qeg,, for individual fish subject
to capture using method A within a 50-m block net
surrounding and concentric to the 25-m net. There-
fore, using a random distribution of initial location
in the block net, each fish had a probability of 0.25
of being in the area swept by the 25-m net.

Mean values of simulated Qe Were compared
with empirical estimates of 25-m seine encircle-
ment efficiency, §.. It could not be assumed that
25-m net retention efficiency was the same as that
for the 50-m block net. g, was estimated graphi-
cally (Velleman 1988) by dividing the empirical
0 predictions for each species group (Figure 7A)
by trial 25-m seine retention models of the func-
tional form derived for estimating block net re-
tention q, (Figure 4) to predict g, as a monoton-
ically decreasing function of fish length for each
species group. Resulting predictions of g, were, as
expected for asmaller net, slightly higher than the
estimates for block net retention for each species
group.

The simulations, Qe iNcorporated four behav-
ioral variables: (1) fish swimming speed, (2) swim-
ming direction following each stimulus, (3) thresh-
old distance—how close to the source of distur-
bance (the moving boat and paddles) a fish must
be before altering its behavior (either to initiate
motion if stationary or to change direction if mov-
ing), and (4) appraisal time—how long a fish will
swim with no additional stimulus.

Direct experimental observation of individual
fish response to capture in turbid water at the scale
required was infeasible. However, realistic ranges
of values for simulation, summarized in the next
section, were constrained by accounting for the
following considerations.

Fish response to the fishing operation was ob-
served from a second stationary boat positioned
close to the seine net when taking several non-
calibration samples. The depth of observation was
limited by turbidity, as indicated by Secchi disk
readings (Appendix 1). Fish that could be observed
responded to the moving net using a ‘kick-and-
glide’ swimming mode, which is below the theo-
retical maximum relative speeds of 6-15 body
lengths per second (bl/s) of nonthunniform fishes
(Jobling 1995). Simulated swimming speeds were
allowed to vary between 1.3 and 10.7 bl/s.

The perception by fish of the boat, paddles, or

BAYLEY AND HERENDEEN

net may be visual or auditory and will affect
threshold distance and possibly directional re-
sponse. Whether the water is turbid because of
suspended clays (‘white’ water) or dissolved or-
ganic matter (‘black’ water), horizontal vision by
fish in Amazon watersis very limited due to light
scattering (Muntz 1982) and negligible compared
to average horizontal distances between fish and
boat.

Conversely, the known sensitivity of fish to
sound and/or hydrodynamic pressure, the previ-
ously described behavior of experienced fishers
when laying the seine, and direct observations of
responses of fish to deliberate pounding on the boat
all suggested potentially high auditory sensitivity.
However, directional response of fish to sound,
which the fishers believe emanates largely from
the paddling of the boat, is uncertain. The local-
ization and subsequent directional responses of
fish to asound or pressure source are poorly known
and controversial, except for the recognized lo-
calization of intense signals in the acoustic near
field that were attributed to the lateral line system
(Fay 1988). However, following earlier evidence
of directional response by goldfish (Moulton and
Dixon 1967), cod have been determined to dis-
criminate sound sources down to 20° and 16° in
the horizontal and vertical planes, respectively
(references in Blaxter 1988; Fay 1988). In addi-
tion, sound source distance discrimination on the
scale of meters has been reported for cod (Schuijf
and Hawkins 1983).

However, it is still not clear how fish respond,
having received and discriminated a sound source.
Some fish may even be attracted to particular
sound sources (Blaxter 1988). Therefore, we have
simulated broad directional and nondirectional re-
sponses.

Threshold distanceistherefore considered to de-
pend on response to sound detection. Whether
sound can be detected by all fish is questionable
given the shallow water and muddy substrates of
the sites sampled. Sound propagation in shallow
water over soft substrates cuts off at frequencies
less than 1,000 Hz at 1 m and less than 6,000 Hz
at 0.4 m deep, respectively (Rogers and Cox 1988).
These minimum frequencies represent upper hear-
ing ranges for non-Otophysan and Otophysan fish,
respectively, which are both commonly encoun-
tered. At least some fish will be at distances from
the sound source that exceed water depth, neces-
sitating interaction with the bottom and surface of
the sound waves, and most samples contain some
areas shallower than the critical levels noted
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25-m seine net

(a)

trajectory

Block net

(b)

CALCULATEDISTANCE BETWEENBOAT AND FISH. SELECT
SPEEDRATIO,APPRAISALTIME. SET TIME SINCE LAST KICKED = oo

[
-

IS DISTANCE < THRESHOLD?
(i.e., is fish "kicked"?)

YES¢

‘NO

] IS TIME SINCE LAST KICKED
S SELECT >APPRAISAL TIME?
APPRAISAL TIME,
DIRECTION ‘e
2. INCREMENT FISH S No
POSITION

FISH DOES | | INCREMENT FisH
3. SET TIME SINCE | NOT MOVE | | POSITION USING
LASTKICKED = 0 SPEEDRATIO,

APPRAISAL TIME,
AND DIRECTION SET
WHEN LAST KICKED

REPEAT
UNTIL NET
IS CLOSED Y
Iy INCREMENT TIME SINCE LAST KICKED

/

v

1. INCREMENT BOAT POSITION
2. RECALCULATE DISTANCE BETWEEN BOAT AND FISH

Ficure 3.—(a) Examples of two simulated capture attempts (chases). Open circle indicates starting location of
fish. Mean threshold was 50%. Mean speedratio was equivalent to a swimming speed of 56 cm/s, (e.g., a 14-cm
fish travelling at 4 body lengths/s). Mean appraisal time was 0.75 s. Example trajectories of a fish ultimately
captured (left) and escaped (right) are shown. The boat laying the 25-m seine net started at the 3 o’ clock position.
(b) Logical structure of simulation model for the chase of a single fish. The 25-m seine was laid in 40 s, and the
model’s time step was 1 s. Threshold distance was held constant for each chase. Speedratio, appraisal time, and
swimming direction were selected according to (partial) randomization, as discussed in the text.

above. This factor, plus the uncertainty about
whether and how fish react to a received sound,
caused us to simulate a wide range of threshold
distances.

Appraisal time is difficult to predict. Observa-
tion of fish responding to a sound stimulusin shal-
low water indicated that accelerated swimming
when startled generally ceased within about 0.5—
1.0 s. Times ranging from 0.375 to 1.125 s and
1.0-3.0 swere simulated. When the appraisal time
expired before the next stimulus, for example
when it was less than the stimulation period or

when the fish was beyond the threshold, the fish
was assumed to stop. Because 1 s is the mean
period of the stimulation (‘kick’) rate of the pad-
dles, the upper simulated range is only expected
to be effective when the fish is beyond the current
threshold distance.

Smulation Model Details

The model exploits the assumed radial sym-
metry of the seine, making the location of the boat
simpleto calculate, and is based on the assumption
that (1) a fish can be represented as a point, even
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Ficure 4.—Results of quasi-likelihood model fit to 50-m block net efficiency, §,, based on marked fish. Frequency
plot of residuals (Pearson’s are shown, deviance residuals were similar) in lower plot has normal distribution
superimposed. The linear predictor, L, in the model was 2.34 — 1.35(bottom fish) — 0.62(rotenone) — 12.5(fish
length, mm)-%5, whose coefficients had respective standard errors of 0.39, 0.49, 0.19, and 2.8. Extra-binomial
variance was 0.15. Block net efficiency was predicted via the logistic link by 1/[1 + exp(—L)]. Bottom fish (solid
circles) comprised group Ill (Table 1) in nonrotenone calibrations. Rotenone (thick circles) comprised all species
from calibrations using that treatment (Appendix 1). When these dummy variables are zero, the model predicts
species groups | and Il (open circles; Table 1) in nonrotenone calibrations. The symbol area is proportional to the

number of vulnerable fish (marked and released).

though a 70-cm fish is 9% of the net’s diameter;
(2) disturbance from the boat may be considered
as coming from a point source; (3) depth effects
are negligible (see empirical results), making a
two-dimensional approach appropriate; (4) fish do
not school, so one fish can be modeled at a time.

A fish is assumed initially to be at rest at a
randomly selected point inside the block net. The
model simulates the fish’s evasive behavior as the
25-m seineislaid (Figure 3a) using alogical pro-
cess for each individual described in Figure 3b.
The 25-m seineislaid in 40 s, with a paddle splash
each second. The splash is the disturbance to
which the fish is presumed to react and thus dic-
tates the 1-s time step of the model. If a fish is
within the threshold distance, it detects the pres-
ence of the boat and is said to be “‘kicked.” In a
standard run, this ““chase” is repeated for each of
20,000 individual fish under the following ranges
of the variables discussed above.

(1) Swimming speed is assigned values of 2,
4, and 8 bl/s = 33% uniform distribution, re-
sulting in ranges of 1.3-2.7, 2.7-4.3, and 4.3—

10.7 bl/s. These relative swimming speeds are
applied to fish of six lengths ranging from 2.5 to
70 cm. Swimming speed is randomized at each
kick within each chase. The boat is paddled at a
speed of 0.625 m/s (= 25 m/40 s) to lay the net.
The model uses the ratio of fish to boat speed,
called *“ speedratio.”

(2) Two swimming directional behaviors are
used: directional response, in which the fish swims
away at a random angle within £90° of a straight
line from the sound source, and nondirectional re-
sponse, in which the fish swims in any direction
with equal probability. Direction is randomized at
each kick within each chase. Therefore, fish start-
ing outside the area swept by the seine are some-
times encircled.

(3) Threshold distance is assigned values of 1
through 6 m = 33% uniform distribution, resulting
in ranges of 8-17, 17-33, 25-50, 33-67, 42-83,
and 50-100% of the diameter (8 m) of the laid
25-m seine. Threshold is randomly varied among
chases but not at each kick within a chase.

(4) Two appraisal times are used: 0.75 and 2.0 s
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Ficure 5.—Examples of predicted values of model fit
of block net retention, §, (Equation 3) for (a) species
groups | and Il (Table 1) and (b) all species from
calibrations in which rotenone was used (Appendix 1).
Symbol areais proportional to number of vulnerablefish
(marked and released).

+ 50% uniform distribution, resulting in ranges of
0.375-1.125 sand 1.0-3.0 s. Appraisal timeisran-
domized at each kick.

In addition, there are assumed default behaviors
when a fish encounters a net. If it hits the block
net, it is stopped; hence, it is not encircled by the
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seine. If it encounters the unclosed seine, it is as-
sumed to swim along it (when kicked and until the
appraisal time has expired), leaving the net only
if it reaches the end before closure. Fish were ob-
served to be apparently unaffected when close to
a stationary net in the absence of a sound source.
The program is written in TruBasic (available
from R. Herendeen) and optionally displays the
trajectory of each chase (Figure 3a). The result of
each chase (where the fish started, whether it was
encircled by the research net) is recorded.

Results
Block Net Retention

Independent samples estimating g, were ob-
tained by allocating fish into size-groups of 20—
40, 40-80, 80-150, and 150+ mm. Standardized
residuals from the quasi-likelihood analysis of the
70 g, estimates appeared to be well behaved (Fig-
ure 4). The proportion of marked fish remaining
in the block net that was subsequently retained by
it, gy, was dependent on whether rotenone was used
and on two species groups (groups | and Il com-
bined and group IlI; Table 1) when rotenone was
not used (Figure 4 caption). No taxa differences
could be detected when rotenone was used. No
first-order interactions were significant. Retention
was not dependent on physical features measured.
Retention increased rapidly with increasing fish
size until approaching an asymptote (Figure 5), in
a similar manner and magnitude to the function
derived for recaptures from midwestern reservoirs
following rotenone application (Bayley 1993). All
fitted parameters (Figure 4 caption) were signifi-

TaBLE 3.—Results of quasi-likelihood model fits to predict 25-m seine net efficiency, gs, from unmarked fish, the
predictive model recommended, and fish capture based on marked fish only. The three levels of SPGROUP are defined
by species groups | through |11 (Table 1), respectively. The two levels of METHOD are defined by seining methods A
and B combined and method C, respectively. Efficiency, qg, is given by 4(1 + e L)-2, where L is the linear predictor
based on the coefficients below (see Appendix 4 for examples). Asterisks show significance levels (* P < 0.05, ** P
< 0.01, *** P < 0.001, **** P < 0.0001) of deviance change with removal of variable on ax2 distribution. Predictions

are shown in Figures 6, 7, and 8.

Unmarked fish?
(218 observations of
41,892 individuals)

Marked fish?
(139 observations of
1,376 individuals)

Coeffi- Deviance Deviance
cient SE change (df) Covariate Coefficient SE change (df)
2.2 0.74 1 4.70 1.96

—0.422 0.130 SPGROUP(2) —0.399 0.253

-0.719 0.168 21.7 (2)x*** SPGROUP(3) —-1.03 0.38 8.29 (2)*

—1.45 0.19 77 (L)FF** METHOD(2) —0.668 0.388 321(1)

—0.524 0.163 11.3 (1)*** In(Fish Length, mm) —-1.00 0.399 6.7 (1)**
—505 165 11.4 (1)*** (Fish Length, mm)-2 —1,933 791 6.4 (1)*

aExtra-binomial variance = 0.12.
b Extra-binomial variance = 0 (slight underdispersion).
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Ficure 6.—Deviance residuals of quasi-likelihood model fit to 25-m seine efficiency model for unmarked fish
(Table 3). Species groups I, |1, and |11 (Table 1) are denoted by circles, squares, and triangles, respectively. Seining
methods A and B combined is represented by open symbols, and seining method C is represented by shaded
symbols. Symbol area is proportional to number of vulnerable fish. Frequency plot of residuals has normal
distribution superimposed (lower left) and a normal probability plot is shown at lower right.

cant at P < 0.001. For a given length, relative
magnitudes of §, were ranked as groups |, |1 (open
water species) > rotenone (all species) > group
I (bottom/eel-like species). Biological implica-
tions of these results are presented in the Discus-
sion.

25-m Seine Efficiency

The same fish length-groups as in the block net
retention analysis were used, yielding 218 obser-
vations. Fishing method, fish length, and species
group (Appendix 1; Table 1) were highly signifi-
cant explanatory variables (Table 3; Figure 6).
Catchability was much lower using method C
(hauling into canoe) than methods A or B, inwhich
the lead line maintained contact with the bottom
(Figure 7). There was no significant difference be-
tween methods A and B, which were subsequently
pooled. No first-order interactions between meth-
od, species group, and fish length were detected;
therefore, the more robust model that included all
data points for all methods and calibrations (Table

3) was justified. The unimodal character of the fit
(Figure 7) represented the product of the mono-
tonically increasing retention efficiency, g, (e.g.,
Figure 5), and monotonically decreasing encircle-
ment efficiency, q. (Figures 9 and 10). Two terms
containing fish length (Table 3) were tuned through
transformations to remove visible trends in the re-
siduals when plotted with fish length and predicted
efficiency (Figure 6). The In(fish length) term
dominated the relationship at fish lengths greater
than 10 cm.

An exhaustive analysis of environmental factors
(depth, turbidity, vegetation cover, substrate; see
Appendix 1) did not indicate significant effects.
Vulnerable numbers within taxa length-groups
ranged from 1 to 2.3 X 10* individuals, but abun-
dance within groups or totaled across taxa and/or
length groups indicated no effect on catchability.
When individual calibrations were statistically
blocked, significant heterogeneity among calibra-
tionswasindicated, implying that unmeasured fac-
tors explain some of the variance.
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Ficure 7.—Predicted values of model fit of seine net
efficiency, G, (Table 3, unmarked fish) for (a) seining
methods A and B combined (both keeping lead line on
the bottom while hauling) and (b) seining method C
(lampara technique: hauled into boat in deeper water).
Curvesin (a) refer to species groups |, 11, and |11 (Table
1); (b) shows those groups in the same order.

Some species jumped over the net on occasions,
but only 15 individuals jumped out of the seine
and one jumped out of the block net. These quan-
tities were negligible compared with those lost in-
visibly through evasion or escapement.

The cross-validation method depended on de-
viance residuals being close to a normal distri-
bution. Ratios of skewness and Kkurtosis to re-
spective standard errors were only 0.20 and —0.14,
respectively, and the linearity of the normal prob-
ability plot (Figure 6) suggested no serious de-
parture. Deviance residuals from 96.4% of 110
randomly selected independent data points oc-
curred within the 95% range from the model based
on the other 108 points. Serial autocorrelation of
residuals ordered by fish length, taxon, and cali-
bration was not significant at P = 0.05. A model
using the untransformed response was rejected be-
cause it exhibited highly skewed standardized
Pearson and deviance residuals, with large depar-
tures from a mean of zero and a variance of one,
and high extrabinomial variance (0.86).

Validation based on comparison of g based on
marked fish caught by the 25-m seine was per-
formed using the same length and speciesdivisions
used above. Several empty cellsresulted from few-
er individuals being available, and this analysis
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Ficure 8.—Predicted values of model fits of 25-m
seine efficiencies, ¢, based on unmarked and marked
fish (Table 3) for methods A and B combined for species
groups |, 11, and I11. The thick line represents unmarked
fish estimates; the thin line represents marked fish
estimates.

was restricted to the subset of 17 calibrations in
which marked fish were used (Appendix 1), but
the results revealed similar coefficients (Table 3).
Only the coefficient that distinguished methodsdid
not have a significant deviance (P = 0.07). Marked
fish were used in only two calibrations using meth-
od C. Plots of each species group using methods
B or C (Figure 8) indicated reasonably close cor-
respondence, except for smaller fish that were less
well represented among the marked fish (Appendix
1). Catchability predictions for marked fish greater
than 5-cm long were within the 95% maximum
likelihood confidenceintervals (Aitken et al. 1989)
of the model for numbers of fish up to 500 (species
group |), 400 (species group I1), and 200 (species
group I11), where the greatest discrepancies oc-
curred in each plot.

Smulations

Variances of simulation runs were virtually
identical to theoretical binomial variances. Direc-
tional response, threshold, and swimming speed
were the most influential variables affecting en-
circlement efficiency. The two appraisal timerang-
es generally produced similar results, with the lon-
ger one producing slightly lower efficiencies for
moderate speeds. However, for swimming speeds
greater than about 60 cm/s, the difference in mean
Oesim €Xceeded 0.2 for thresholds greater than 50%.
Although we argued previously that the shorter
appraisal time range was more realistic, a longer
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Ficure 9.—Comparison of estimated (§.) and simulated (geym) 25-m seine encirclement efficiencies. Shown are
encirclement efficiencies for extreme thresholds (50-100% 8-17% of 25-m seine diameter) in (a) and (b),
respectively, for three relative speeds and directional (+90°) versus nondirectional (360°) response. In (b), 360
responses for 2 body lengths/s shown, other speeds were similar. Empirical estimate for species group |1 is almost
midway between those for groups | and Ill. Appraisal time = 0.75 s.

appraisal time would affect the following deduc-
tions for larger, faster fish.

Under extreme threshold ranges, mean encircle-
ment efficiencies of nondirectional response sim-
ulation runs all exceeded mean empirical estimates
of any of the three species groups (Figure 9). Sub-
sequent comparisons were therefore limited to
simulations of directional responses [Figures 9
(circles) and 10].

For fish larger than about 10 cm, species group
I was fairly closely represented by a threshold
range of 42-83% if the relative speed averaged 2
bl/s (Figure 10a), 33—67% for about 4 bl/s (Figure
10b), and marginally, 25-50% for about 8 bl/s
(Figure 10c). In aparallel manner, fish greater than
10 cm long of the lowest catchability group (111)
were roughly represented by a threshold range of
50-100% if the relative speed averaged 2 bl/s (Fig-
ure 9a), 42—83% for about 4 bl/s (Figure 10a), and
33-67% for about 8 bl/s (Figure 10b). For all fish
10 cm or less, empirical dataindicated an approach
to 100% encirclement, which was matched by low
thresholds (<50%) and low relative speeds (<4
bl/s), implying that small fish only begin to sense
and respond to the capture process at a closer dis-
tance and cannot swim so fast relativeto their body
length.

Obviously an inverse relationship exists be-

tween threshold and relative speed within certain
limits for means of large numbers of individuals
exceeding about 10 cm long. These outer limits
are about 25-80% threshold for group | fish and
about 33—100% threshold for group 111 fish (group
Il isintermediate), all within the full range of rel-
ative speeds simulated.

Discussion

The empirical results demonstrate that capture
efficiency peaked at a fish length of 4-5 cm and
then decreased with increasing length (Figure 7).
It was also markedly affected at all sizes by two
alternative modes of net operation and by broad
species groups reflecting morphological differenc-
es and water column/substrate preferences. Effects
of habitat could not be detected. However, al-
though macrophytes and debris were the most var-
iable features, their effect on efficiency was mit-
igated by their removal before hauling.

Biases resulting from the use of uncorrected
catch data for estimating biomass or structure can
be considerable. Applying the corrections devel-
oped here to the 3-year survey comprising 600
samples produced asixfold differencein mean bio-
mass based on efficiency-corrected data compared
to the uncorrected catch data estimate. Nondimen-
sional estimates were also affected: the effect of
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fish size on catchability was apparent in estimating
mean transfer efficiency (piscivore production/
prey production), in which piscivore lengths av-
eraged four times those of their prey. Catchability-
corrected analysis resulted in atransfer efficiency
estimate of 0.20, whereas the estimated rati o based
on uncorrected biomasses caught was only 0.09.
If uncorrected, these biases would result in sub-
stantial underestimates of production and energy
transfer or in other results that depend on abun-
dance density or relative numbers at different fish
sizes.

The simulations of net evasion indicated that a
directional response to the disturbance was nec-
essary to conform with empirical data, using a
wide range of input values. The simulations also
indicated that the drop in encirclement efficiency
with increase in fish size could be described by

specific combinations of swimming speed and
threshold distance. For alimited range of both var-
iables, higher swimming speeds corresponded to
lower thresholds for a wide range of fish sizes.
Differences among species groups may result from
different threshold values. Group |1 or 111 fish may
not necessarily swim faster, but they may respond
to the boat earlier. Studies to determine more pre-
cisely if preferred values of these components ex-
isted were beyond the resources of this project.
Viewing catchability as the product of the prob-
ability of encirclement and retention is useful in
interpreting some published results. Useful infor-
mation on retention efficiency has been obtained
(Penczak and O’Hara 1983; Lyons 1986; Parsley
et al. 1989; Pierce et al. 1990; Holland-Bartelsand
Dewey 1997) in experiments that ignored encir-
clement efficiency or presumed that it was unity,
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although the potential for bias dueto net avoidance
was recognized (Lyons 1986; Parsley et al. 1989;
Holland-Bartels and Dewey 1997). When fish size
effects were detected, smaller fish tended to have
lower retention (Pierce et al. 1990), as in this
study. Thisis not unexpected, because smaller fish
are expected to escape under the lead line after
closure more easily than larger fish, with lower
retention for bottom fish (group IIl), in addition
to the selective effect of the mesh size itself.

The effects of various types of substrate on re-
tention were categorized by Pierce et al. (1990)
and Parsley et al. (1989) but are understandably
difficult to quantify for predictive purposes and
may be sensitive to behavioral characteristics of
different species (Holland-Bartels and Dewey
1997). We recognize that removal of macrophytes
in high-latitude systems that have limited standing
crops and production may not be advisable for
intensive sampling programs. Also, cobble/boul-
der substrates can present greater retention prob-
lems than macrophyte beds, and alternative meth-
ods, such as electrofishing, may be more appro-
priate. In environments where obstacles can bere-
moved (and replaced when appropriate), the
benefits of higher and more robust predictions can
be worth the extra labor.

A much longer seine can sometimes be quickly
lifted over occasional, isolated snags with low risk
of escapement, but the association between length
of seine and probability of encountering snags is
self-evident. In our situation, a relatively short
seine optimized the trade-off between retention
and encirclement, as well as providing a quadrat
size more appropriate for the spatial distribution
of habitat. Increased drag due to clogging and snag
encounter rate obviated a seine longer than 25 m.
Conversely, the seine calibrated here would not be
effectivein clear, open water because encirclement
efficiency would be reduced by large thresholds.

Other studies calibrate a method that itself re-
stricts the degree to which fish can evade the net
before closure, such as seining inside a blocked
enclosure (Weinstein and Davis 1980; Holland-
Bartels and Dewey 1997) or in a blocked channel
(Wiley and Tsai 1983; Allen et al. 1992; Bayley
and Dowling 1993). Where size effects were an-
alyzed in several length-groups, lower catchabil-
ities were detected for smaller (due to lower re-
tention) and larger (due to avoidance) fish (Allen
et al. 1992; Bayley and Dowling 1993) when
avoidance was not prevented, asin this study. Ob-
viously when blocking is part of the standard pro-
cedure, the blocking process should not promote

BAYLEY AND HERENDEEN

evasion. This is often achieved by rapid blocking
across a distance that is small compared with the
length or area of the resulting enclosure. Remote,
simultaneous release of all parts of a block net
from the surface minimizesthisbiasin open waters
(Kapetsky 1980).

Evasion can be expected to be important when
seining in an unrestricted area (Threinen 1956;
Kjelson and Colby 1976; this study), making
knowledge of size selectivity more critical. Threi-
nen (1956) reported catchability by numbers of
fish as 0.33-0.88 (median 0.47) and by biomass
as 0.11-0.54 (median 0.22) for the same popula-
tion of largemouth bass, indicating lower catcha-
bility for larger fish, as in this study.

There is a need for more studies to account for
the effect of fish size as a continuous variable
(Kjelson and Colby 1976), as well as a need to
apply statistical methods that permit the inclusion
and appropriate weighting of observations based
on varying numbers of fish, for which one ap-
proach is outlined here. Such studies will need to
budget for sufficient numbers of calibrations to
unravel the potential confounding of size, species,
and physical effects, especially when small num-
bers of fish are encountered per haul.

The magnitude and type of area in which the
vulnerable population is estimated for calibration
influences efficiency prediction. Calibration can be
achieved by relating (1) single samples to density
of fish retained within small enclosures, as in this
study, or (2) aggregated catches from several sam-
ples to density estimated for each of several water
bodies (Threinen 1956). Applying catchabilities
from (2) to other environments depends on the
prediction of an average catchability, which can
be biased due to differencesin habitat types among
environments that affect efficiencies and/or gear
operation. In addition, estimation of vulnerable
populations in large areas is usually less precise.
Therefore, an important requirement of calibration
is to create an enclosure that is small enough to
minimize these problems but not so small as to
affect normal gear avoidance, affect the fish dis-
tribution due to the enclosure, or limit the desired
size or species ranges of fish that can be enclosed.

Many published reports depend on multiple re-
moval or uncalibrated higher efficiency methods,
such as rotenone, to estimate the vulnerable pop-
ulation. Underestimation of population size by
overestimating capture efficiencies has been found
to occur using multiple removal (Mahon 1980;
Rodgers et al. 1992) and uncorrected rotenone
methods (Henley 1967; Axon et a. 1979; Bayley
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and Austen 1990). Carefully conducted mark and
recapture experiments are most likely to minimize
this bias, given assumptions of similar catchability
of unmarked and marked fish during calibration.

Water depth is expected to have an effect on
efficiency. The method we employed was changed
according to water depth, with method C produc-
ing strikingly lower catchabilities (Figure 7). Such
low values must be influenced by the lower reten-
tion expected when the 25-m net leadline is lifted
into the boat, but an additional effect of deeper
water resulting in increased avoidanceisplausible.
Within methods, a depth effect was not detected,
probably because fishing was confined within a
maximum depth less than about half the hung
depth of the net. However, lower catchabilities of
groups Il and 111 may be partly due to their pref-
erence for deeper water. It is also conceivable that
low dissolved oxygen (DO) associated with deeper
water or the bottom (Schmidt 1973; Junk et al.
1983) may limit escape speeds. Capture efficiency
of the beach seining procedure, method B, was
indistinguishable from method C. Although max-
imum depths associated with method B tended to
be greater than in method C, avoidance may have
been compensated in B because 24% of the en-
closure perimeter is the shoreline.

Emergent vegetation, in the form of true floating
or rooted types or partially decomposed clumps at
or below the surface, was always removed follow-
ing closure. However, vegetation could still affect
encirclement efficiency. Despite wide variation in
the vegetation index (Appendix 1), which was cor-
related with the proportion of surface coverage
(range 0—30%), no effect on catchability could be
detected. It was evident that many fish were as-
sociated with vegetation, especially along the edg-
es of surface mats or meadows. However, daytime
DO in vegetation is often 0-0.5 mg/L and H,S is
often present (Junk et al. 1983) due to decompo-
sition and reduced circulation; therefore. its value
as a refuge may be compromised for most fish
species. Conversely, some Gymnotiform species
(W. Crampton, University of Oxford, personal
communication) and Synbranchus marmor atus that
breathe atmospheric oxygen are frequently found
in thicker vegetation. Our predictions may under-
estimate the catchability of such species when they
are confined to floating mats. Under extreme cases,
low DO can extend to areas of open water, when
aquatic surface respiration by slow-moving fish
can be observed. Encirclement and retention ef-
ficiencies will consequently be much higher than
model predictions.
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Predictions based on simulations will not yet
substitute for good empirical data, given the pau-
city of data on the responses of fish to physical
stimuli resulting from operations of a given meth-
od in a given physical environment and the effect
of retention efficiency that is difficult to simulate.
However, the scalability of the simulation model
might be useful in predicting changes in efficiency
in the same environment if, for example, the net
length was changed. Prediction would be possible
at different net scalesif calibrations for longer nets
validated the expected higher capture efficiencies
of large fish, given similar turbidities and sound
environments. Conversely, when a net has to be
shortened to fish between snags, the expected low-
er efficiencies could be predicted.

In view of the complex individual and group
behaviors expected among different taxa and fish
sizes, obtaining a generalized but useful theoret-
ical model for catchability will need more empir-
ical data. Producing correctly bounded models
with well-behaved residuals and acceptable vali-
dations, even if it means a combination of a gen-
eralized linear model and a variable transforma-
tion, is justified in the short term. In the longer
term, it is hoped that improved error distribution
specifications will produce robust catchability
modelsthat can summarize fish response to capture
across sets of related capture methods. Extended
by appropriate simulation, this process should mit-
igate the investment needed for empirical deter-
minations in all methods and habitats of interest.
The abundance of new approaches to tackling ov-
erdispersion in the recent statistical literature sug-
gests that availability of analytical tools will not
limit this process. Also, theoretical guidance for
application of catchability information to different
sampling designs is available (Thompson and Se-
ber 1994).

Inour study, it was not possibleto directly relate
empirically derived coefficients to any derived
from models based on the simulations. Although
we kept the simulation process as simple as pos-
sible, nonlinear effects were inevitable. However,
for given mean input values, the error distribution
was very close to the binomial. Arguments for
sources of extra-binomial variation are given else-
where (Bayley 1993). The overdispersion esti-
mated for the empirical data are probably partly a
result of groups of individuals not responding in-
dividually, such as those trying to escape as
schools.

Conversely, variance among samples due to spa-
tial heterogeneity on the larger scales associated
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with a survey is expected to be greater. For larger
fish, the effect of sparse distributionsis compound-
ed by the coefficient of variation of efficiency that
increases with decreasing efficiency. Numerous
samples are needed to obtain acceptable density
estimates for larger fish. For example, in the Am-
azon survey mentioned previously, efficiency-
corrected data produced coefficients of variation
of mean biomass density of 32%, 40%, and 95%
for fish 12—24, 24—48, and 48—96 cm, respectively,
for all species combined. Although the low-
efficiency method C had to be used in about athird
of these samples and reduction of this variation
through temporal and spatial stratification has not
been investigated, there is a fundamental limita-
tion on precision estimates due to the small area
of the seine relative to the sparse distribution of
larger fish. Methods that cover large areas com-
bined with better catchabilities for larger fish, such
as boat electrofishing or trawling, become more
attractivein appropriate physical conditions. Com-
mercial fishers uselonger beach seine and lampara
nets of larger mesh sizes in the Amazon but use
them in open water or productive migration zones
that have been cleared of vegetation at low water.

In conclusion, despite high species diversity
and increasing scarcity of fish numbers with in-
creasing size, simulations of encirclement for
given speed and threshold conditions within ex-
pected physical and behavioral limits were con-
sistent with empirical estimates. Given large
numbers of noncalibration samples and an ap-
propriate design, applying this calibration ap-
proach provides accurate estimates of abundance
and related population measures and is far more
cost effective than attempting population esti-
mates on a sample-by-sample basis.
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Appendix 1: Habitat and Catch Data
TasLE Al.1.—Habitat and operational features and catch summaries of the 22 calibrations.

Depth (cm)
Area Secchi Unmarked fish

Method Sample?  Rotenone use ratioP disk Minimum Maximum Vegetation® Substrated caught®
A 01 Yes 2.78 13 65 70 4 2 305
A 03 Yes 3.45 15 50 60 0 1 716
A 04 Yes 2.27 20 65 90 0 1 13,499
A 05 Yes 2.63 20 85 95 0 1 5,880
A 06 Yes 2.63 17 70 100 0 1 521
A 09 No 3.45 100 80 80 12 3 527
A 10 No 3.45 60 80 80 64 3 1,166
A 11 Yes 3.45 70 75 80 80 3 5,104
A 12 No 3.85 50 70 75 60 3 4,682
A 18 No 222 100 30 150 28 3 826
A 19 No 217 140 30 130 8 3 304
B 07 Yes 222 20 0 90 0 2 1,895
B 13 No 222 100 0 80 0 3 318
B 14 No 2.22 100 0 140 8 3 561
B 15 No 222 120 0 160 36 3 224
B 16 No 2.22 150 0 135 a4 3 1,403
B 17 No 222 140 0 130 32 3 2,107
C 02 Yes 2.63 13 60 60 0 2 1,152
C 08 Yes 2.63 20 80 160 0 2 167
C 20 No 213 140 70 150 4 3 325
C 21 No 2.04 140 80 280 8 3 108
C 22 No 2.50 140 60 230 8 3 102
All 41,892

aSamples 12 or less were located at Marchantaria Island, the remainder at Janauari.

b Ratio of area covered by block net, Ap, to that swept by 25-m net, Ag.

€ Index of total quantity of macrophytes and debris in seine net, measured as the number of person-minutes required to clear it (referred
to as *'vegetation” or “‘cover” in text).

d Bottom hardness assessed subjectively from 1 = soft to 3 = hard.

€ Fish includes the decapod Macrobrachium amazonicum.

Appendix 2. Marking and Handling Fish

A galvano-narcotic trough, using a continuous DC (=48 V) to hold a fish pointed
toward the anode in a state of galvano-narcosis (Blancheteau et al. 1961; Lamarque
1963; Hartley 1967), minimized handling during marking and measuring with no
discernible after-effect during the 60—90 min of the experiment. The water level in the
trough was adjusted so that the fish lay on one side, facilitating photography for
subsequent identification and measurement from a 1-cm grid on the bottom. A small
correction to these measurements was found by calibration. Fish length was measured
to the end of the median caudal fin rays: ‘fork length’ for most species. The cathode
was moved toward the anode to increase the voltage gradient for fish less than about
50 mm long. The trough worked well with conductivities down to 50 p.S/cm (20°C),
below which a minimal quantity of salt was added.

Fish concentrated by the seine net were transferred to the trough and subsequently
to the holding bins using containers to avoid ever being removed from the water. An
oblique clip removed a third of the upper caudal fin lobe. These clips were distinct
from piranha bites, which often remove a greater portion of the caudal fin. Fish down
to 20 mm long were marked and released with 100% survival, except Engraulidae and
Clupeidae, which suffered trauma from seining even though they were never removed
from the water.
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TaBLE Al.1.—Extended.
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Unmarked fish Marked fish
Number Minimum Maximum Marked Number Number Minimum Maximum
caught fork length  fork length fish caught in caught in fork length  fork length
Method in seine (cm) (cm) released seine block net (cm) (cm)
A 41 2.0 345 91 20 35 26 385
A 258 1.2 255 98 24 40 35 34.0
A 9,695 1.3 49.0 144 63 47 29 31.0
A 4,040 1.0 42,5 69 11 42 34 345
A 217 1.4 485 71 26 25 35 23.0
A 117 1.4 41.0 52 3 34 24 24.5
A 542 1.4 11.0
A 1,648 1.4 485 39 3 11 2.6 15.0
A 2,362 1.5 51.0 106 21 50 2.0 7.8
A 450 15 79.5 168 27 112 34 12.0
A 108 1.6 16.5
B 246 1.3 19.5 40 7 27 4.3 325
B 79 1.5 33.0 104 11 57 20 345
B 305 13 215 45 7 24 5.1 39.0
B 59 1.4 15.5 94 12 46 2.7 355
B 977 1.4 345 82 26 39 35 29.0
B 851 1.3 64.5 47 15 24 25 32.0
C 216 1.6 225 74 12 39 2.8 27.0
C 11 1.8 55 52 6 25 3.6 295
C 41 1.8 20.0
C 2 1.6 44.5
C 3 1.9 14.5
22,268 1.0 79.5 1,376 294 677 2.0 39.0

Appendix 3. Empirical Model of Catchability

Conceptually, catchability should be represented as a fraction of fish caught (0 < ¢,
< 1), which also represents a bounded response that can be analyzed statistically using
binomial-related models. However, as formulated in Equation 5, not all empirical g
estimates will conform: §, can exceed one for some size-taxa combinations because the
chance distribution of small numbers of fish or fish schools sometimes results in
proportionately more fish being inside the area swept by the seine net. Catchability based
on the numbers originally inside the block net (catchability = c/v;,) will provide estimates
less than one. However, the ratio of block net enclosed area (A,) to seine swept area
(Ay is not constant because of different methods and departures from geometrically
perfect configurations in the field (Appendix 1). Therefore, for a given individual
probability of capture, as A,/A increased, catchability thus estimated would become
negatively biased. We corrected this bias by estimating the vulnerable fish in an area
that was a standard multiple of the area swept by the seine, A,. A multiple of four
exceeded all Ay/A, values; therefore, this standard assured that all estimates of the
response variable (§ = §4/4) remained in the range [0, 1]. Any multiple greater than A,/
A, could have been used. Most empirical § values are less than 0.25, but occasionally
some species size-groups of few individuals are captured by the seine net entirely by
chance, producing larger, but valid estimates of § (= A/4A).

For consistency of presentation, all catchability results are reported that correspond
to the more intuitive ¢, in Equations 4 and 5 by multiplying model predictions of q,
based on §, by four. Note that a species responding to the seine by herding (more fish
entering than exiting the swept area) could result in a model prediction of §s > 1, which
would be a correct representation of the process. The full model used in the statistical
analysis is described as follows.

Although g is a fraction, preliminary logistic-linear analyses based on maximum
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likelihood assumption of a binomial error distribution indicated considerable additional
error variance (overdispersion). The binomial model requires, unrealistically, that the
errors are independently and identically distributed among all individual fish (Bayley
1993). Also, the binomial index, V, is an estimate based partly on §, (Equation 4) rather
than being directly enumerated. In addition, in the logistic-linear version, the variation
of mean catchability must be completely described by a linear function of the type

n=2> BiX; = Bo T BiXy + BoXp + -+ BXe = B'X, (A3.1)

in which the linear predictor, n, is determined by k explanatory variables (factors and/
or covariates), X (X, is unity), and unknown parameters, ;. Equation A3.1 is related to
the response by the following logistic *‘link’" function:

g(q) = m = log(d/(1 — g)) = logit(q) (A3.2)

Because of the expected and observed departures from the binomial variance model,
afitted extra-binomial variance parameter added to the linear part of the model (Equation
A3.1) using a quasi-likelihood approach based on Williams' model 111 (Williams 1982;
Bayley 1993) produced the better results, as subsequently confirmed by residual
inspection and validation. Using Equation A3.1, the binomial variance of the response,
as numbers of fish caught, is consequently increased by a factor {1 + o?(m — 1)g(1 —
a)}, where mis the number of fish vulnerable (binomial index). Thisis also the variance
function used in determining the block net retention model.

Other link functions (probit, complementary log-log) produced very similar results.
However, q deviance residuals were always strongly positively skewed and large extra-
binomial variance estimates (o2 > 0.8) resulted. Williams' (1982) model |1 also produced
similar results. Although Pierce and Schafer (1986) argued that deviance residual s should
be closer to normality than alternatives, that distribution is not a required assumption.
However, considering the departures from the binomial model and our derived binomial
index values (Equation 2), our overriding concern was to produce a model that could
be reliably validated (see Empirical Model Validation). A square root transformation of
the response variable, g, maintained the correctly bounded model structure and produced
similar coefficient estimates and predictions but produced a residual distribution close
to normal and alow extra-binomial variance. The resulting transformed quasi-likelihood
logistic link model used for catchability q (= g4/4) can be summarized as

Va =@+ exp(—(Bo + BiXa + BoXo + -+ + Bixe + )Y (A3.3)

where € is a random error whose square was estimated as the extra-binomial variance,
o2, using an iterative macro that interfaced with the GLIM4 statistical package (Bayley
1993). Other packages with adequate interfacing, such as S-plus, could be used. In the
GLIM4 procedure, square roots of the numbers of fish caught, c, in each taxa length-
group and of the corresponding estimates of vulnerable fish, v, were input as response
and binomial index, respectively, where Vq = V¢/V/'v. Numerical examples of the final
model are shown in Appendix 4.

Appendix 4. Numerical Examples

Example 1: Consider a sample of species group Il [SPGROURP(3)] fish from the 80—
150-mm length-group of mean length 100 mm encountered in calibration No. 11 that
used method A (Appendix 1). In this group, the number of unmarked fish captured by
the 25-m seine, ¢ = 3; by the block net, ¢, = 12; and the ratio of 25-m seine and block
net areas, AJA, = 0.29. From the equation coefficients in the Figure 4 caption, block
net retention efficiency, q,, based on rotenone is estimated as g, = (1 + e)~%, where
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L isthelinear predictor [= 2.34 — 1.35:0 — 0.62-1 — 12.5(100) %5 = 0.470]. Therefore,
q, = 0.6154.

From Equation 4, estimated vulnerable fish, ¥ = 0.29(3 + 12/0.6154) = 6.52, and
from Equation 5, the sample catchability estimate g, = 3/6.52 = 0.46.

The model prediction of seine catchability uses the linear predictor derived from the
coefficients for unmarked fish (Table 3), L = 2.22 — 0.422-0 — 0.719-1 — 1.45-0 —
0.524 In(100) — 505-100% = —0.9626, whence g, = 4(1 + e 1)~2 = 0.31.

Example 2: To convert catch to fish density, we require the area swept by the seine.
Consider the catch of 10 specimens of a group | fish at length 150 mm using method
A. The model (Table 3, unmarked fish) predicts §, = 0.624. If the area swept by the
25-m seine is 50 m?, then estimated density = 10/(50-0.624) = 0.32 individuals/m?2.
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